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v

AB3TRACT

This work concerns the rotational paiaboloidal reflector of the Ad-
vanced Antenna System of the NASA/JPL Deep Space Instrumenta-
tion Facility. Since the reflector itself and its supports are both flexible,
the displacements under loads are partially caused by the displace-
ments of the supports snd partially by the distortions of the reflector.
The former causes the dislocation of the focal point, which can be
corrected by physically moving the focal equipment, whereas the
latter is an intrinsic characteristic of the antenna, which causes inter-
ference of the radio waves. Previous work has shown that the root
mean square of the change in the path length over the reflector surface
is a measure of the magnitude of the interference taking place for
wave lengths much greater than the expected maximum distortions
of the surface.

Mathematically this is a problem of eliminating the rigid body
motion from the displacements of a surface and of varying a surface
parameter such that the remaining distortions will minimize a specified
function. This specified function is formed by the sum of the squares
of the normal distortions (the projections of the distortions on the
undeformed normal of the surface) with certain known weights. This
scheme is comparable to the general method of weighted residuals,
where the distortions correspond to the residuals. Since the distortions
are linear functions of the components of the rigid body motion and
the surface parameter, the specified function is a quadric which is
always positive. A digital computer program is developed to compute
from the displacements both the new orientation of the best fit para-
boloid and the associated root mean square.
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I. INTRODUCTION

The physical antenna of the Advanced Antenna System
of the JPL/NASA Deep Space Insttumentation Facility
is a steel space truss structure with a rotational para-
boloidal reflector surface of 210 ft D and focal-length-to-
diameter ratio of 0.4235. Under different loading
conditions the components of the displacement vector are
computed by a computer program ( Ref. 1). The displace-
ments of the reflector points arc caused partially by the
distortions of the reflector and partially by the displace-
ments of its supports. The displacements of the supports
cause a rigid body translation and rotation of the reflector,
resulting in the dislocation of the focal point. In order
to determine apriori the location of the focal equipment,
the components of the rigid body motion should be
computed. The radio waves converging at the newly
established focal point are disturbed by the interference
resulting from the distortions of the reflector. Since the
length of the utilized radio wave is much greater than

the expected maximum distortions, the change in path
length of the rays can be used as the phase difference.

On the basis of a previous work (Ref. 2), the root
mean square of the weighted phase differences of therays
associat. with the observed points on the surface (using
their ceiresponding reflector surface areas) is used to
describe the over-ail interference. Since the Advanced
Antenna System operates at the highest possible noise-to-
signal ratio, the root mean square should be minimized
by varying the focal length and the components of the
rigid body motion,

A digital computer program was developed to compute
the focal length and the components of the rigid body
motion from the cartesian coordinates of the observed
points on the deformed reflector, yiclding the minimum
foot mean square,
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. MATHEMATICAL FORMULATION

In the following formulation, the possible constituents
of the displacement vectors are analyzed, the change in
path length due to the distortions is explained, a scheme
to compute the minimum root mean square is given, and,
finally, the root mean square is minimized further with
respect to the focal length.

A. Rigid Body Components of the Displacement
Vector

Let ri be the position vector of the ith point on the
undeformed reflector surface, and let p: be the position
vector of the same oint on the deformed surface. In
Fig. 1, the components of the deformation are illustrated,
in which t is the translation, @, is the displacement due
to rotation, and d; the distortion of the ith point. Thea
it follows from Fig. 1 that

p‘=l'(+l+0;+d;,‘=l,2,...,~ (l)

where the maznitudes of t and w, are small in comparison
to r;, and N is the total number of observed points. Re-
ferring to the (x, y, 2) coordinate system, one can write

r.=:‘l+y.j+z.k (2)

where 1, J, and k are the unit vectors and

2= (nt ) (3)
where f is the focal length of the undeformed surface.

Designating the displacement vector of the ith point as
q., one writes

q=t+w +d (4)

Fig. 1. Compenents of the displacement vector
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and
g =wlit+tov,)+wk (%)

where uy, v;, and w; are the components of the displace-
ment vector. When the loads are specified, u;, v,, and w,
are obtained from the structurc analysis (Ref. 1). Usiug
Eqgs. (1 and 4), one wriles

pi=r + q (6)
or ,
p=E(xtuli+y+o))+ (2 +w)k (7)
In the cartesian coordinate system t can be written

t=ud+ 0§+ wok (8)

The displacement caused by the rotation, w;, can be
expressed as

W =r —r (9)

where r,, is the rotated position vector. Defining 6, 4,
and ¢ as the rotation angles about the z axis, the rotated
x axis (the x axis after the 8 rotation), and the rotated
rotated y axis (the y axis after both the 6 and the ¢ rota-
tions ), respectively, then r,, can be written (see Appendix
A):

BikI[ 1 8 —y] (x,
r" = -8 1 ¢ Yi (10)
v —¢ 1] (=

Equation (2) can be rewritten as

ikl 0 0],
r= 010{!{1}

00 1/|'®

(11)

Substituting r,, and r; from Eqs. (10 and 11), respec-
tively, into Eq. (9), one obtains

W =r, - = 8 0 —¢lly) (12)
¢ ¢ 0 M
or
W =(—0y,+yz)l+ (02, ~2)}
+ (—yx + oY)k s (13)
Defining d; as
di=d, i +dy,J+ dsk (14)

and substituting pi, r1, ¢, &, and d, from Eqs. (7, 2, 8, 13,
and 14), respectively, into Eq. (1), one obtains thc
identity,

(xitulbi+(p+o)f+(z+w)k= (2, + u,
‘OVI +¢34+d;‘)'+ (yt + 0 + 0x; — ¢z, +d,‘)j
+(z.+w.—¢x.+¢y.+d,,)k (15)

which leads to

d:,'-‘;u.—(uo—Oy.-Ful) (16u)
dy‘=0;—(00+931—¢24) (16b)
d;‘=w‘—(wo—¢x,+¢y;) (16¢)

8. Change in Path Length Due to d,

In Fig. 2 the change in path length, A;, for the ith ray
caused by the distortion is illustrated. From Fig. 2 one
writes for small distortions

A =2(n;d)) (0 k) (17)
where n; is the unit normal of the undeformed surface

at the ith point and k is the unit vector along the axis of
the undeformed paraboloid. The expression for n, is

n=n,d+nj+nk (18a)
where (-?E
m, = g— o : —r (18b)
)+ (&), + (),
My = %)‘ — (18)
L) - (), ()]
my, = o—— (%:;).‘ . (18d)
[(2);+ @+ ]
and
F=4fz— (22 +¢") (19)
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Fig. 2. Change in path lern, .

C. Minimization of the Root Mean Square with
Respect to the Components of the Rigid Body
Motion

The root mean square (1.ns) of the path length changes
can be defined as

/;A; Al

;4 (ll‘ k)’ A(

(20)

where A, is the area of the reflector associated with the
ith point. Defining W as
Wi=4(ni"k)'A, (21)

and using Eq.s. (14 and 18), Eq. (20) can be rewritten as

Z:‘W. (M, dsy + My dy, + ey dy))?
£
7 .
Since W, weights are positive quantities for all values of

i, the rms will be minimum when the numerator under
the radical sign is minimum; that is, when

(22)

rms =

due to distortion of the reflector

S = ﬁ W, (fh‘ dl‘ + Ny, dn + N, d"l)’ (23)

is minimam.

§ can be minimized by varying it with respect to u,,
Un, Wy, 6, ¢, and ¢ ylelding

a8 ]
a—uo = §2W4 (nl‘ dl‘ -!' ﬂ,‘ d" + n"l d'l)
od,, ody, ad,,
ny, ™ +n,, e +ny ™ =0 (24a)
s _ & SW. imde e d + e d
T‘;' - § ] \n|| 24 ”,‘ v m‘ ")
vd’l adll ad,‘ .
Ny 20s + Ny, 200 + Ny 00.) =0 (24b)
5 _ Eow n d o
m ; (s, T "'idfl Ny u)
Ld ad ody, ad”
y— I L+ Ny 5o oW, + L P vere TN =0 (24¢)
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28 L] u
%; = ‘E”Q\V‘ ("‘ld’l + n,, d,' + 1y, d,') b,.:;(z.n,‘vw.—yml‘m‘WI) (26i)
(n od,, ; ad,, . ad.‘> 0 24d v
Yo—_— —_— =)= -
'o8 M TR T (24d) b =3 (y,my s, Wi — zim ' W) (26)
izl
a8

N
- = 2\!’ 1 ’;. + l + x 1: ]
e § l(ll'( i T Ra dy TRy 4) b“=;(z‘n”nnw‘—x‘n"‘n,‘wl) {26k
=)

(n ., + o, 8d:,) 0 (24e)
1\ —_ n.. n, —J) = 9
¢ U0e ' 0¢

N
b, = § ”.1" W (25‘)
oS N :
%7 = §2w. (n,ds, + iy, dy, + 0y, d:) .
(" od,, + od,y, + edr\ o (24f) B = ‘z; (=1 ey s, Wi = gt sy W) (26m)
oy T T Ty )T
X
by = 22 W, - 2, B W 26n
These can be written as 2 (Yot Wo = 2 ns g W1) (26n)
r—b“b“ b bu b‘“b“‘- tn G b = i: (zl IR W, —x ns,? wl) (260)
bz bz:bay bii by bas | 00 C3 -
b bu bis b by b | w4 C, LA
= * b. = ' -n, z (26 )
Bu busbus beabus bun |6 of & (W (may = miz)?) °
by bas by baibss bse |f ¢ Cs N
_b'"b" Bas by bas bzm_ v ca b, = ;(Wi (ﬂ”y« - Ny, 1!)("‘1‘21 - n;,yu))(%Q)
where the coefficient matrix is a positive definite symmetric L]
matrix, the entries of which are: b = § (Wi (ni, g0 — nay30) (a3 — i 24)) (26r)
— X N
b= 3w Wi (2a) by, = = (Wi (ma, 20 = 1)) (26s)
1
N
= 9, L] .
b, ‘Z‘:m.":aW‘ (26b) bu=;{W. (N2, 2¢ - n,‘.y1)(n,‘x.—~n,‘z‘)) {26t)
_ N . N
b"‘%"‘t""iw‘ (26¢) be = ;(W. (ney %, — ™, 20)?) (26u)
N : .
b= 30 (% i ma, Wi — gim 2 W) (26d) The entries of the right-hand side vector are:
[E}}
¥ )
. G =;(W" ﬂ“) (n.‘u.-’f-n.‘v‘ +ﬂ:‘“f‘l) (27“)
b, =Z(y‘ myns Wi —zim 0, W) (26e) i
[EX] »
¥ G = E(W'l ﬂz‘) (ﬂl‘ ug + ng 00 + 0y W|) (27b)
b= (2in Wi —zin m W) (26)
i1 N
' x =2, (Winy) (mu +ny0 +nywi)  (27c)
by = ‘2: "1“ W, 3 (263) E
=) »
y =~ 2 Wi(n g —nyx) (myu +ng 00+ 0y w)
by = ; N 1, W, (%h) ; (27d)
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N
€y = — E.W: (P2, 20 =y, Yyo) (Mgt + g o0+ g w)

iz

(27e)

N
€= — ‘E_‘W. (Rayxi = nyzi) (M u + ng o o0y wi)
(27f)

The solution of Eq. (25) yields the components of the
rigid body motion which minimize the rms.

D. Minimization of the Root Mean Square with
Respect to the Focal Length

After the components of the rigid body motion havz
been eliminated from the displacement vector, the dis-
tortions can be further minimized with respect to the
focal length. Referring to Fig. 3, if the new focal length
is f, the new distortion vector becomes

Defining
= -L (24
¢ 2 (24)
and using
_ x? + !!"
Zi 4, (30)
Eq.(28)can.: ...

&=d, 1+d,j+ [d,+2(1-¢]k (31)

Using the components of d’ in Eq. {23), one writes

v
S =§Wi ;n,ld,, + g, d,,
+ 0y, [dy, + 2 (1 - :)]"

(22)

The minimization of S with respect to f may be realized
if one writes

d,, d., 0
. 0
dy‘ - d'l + (28) i§= u 2W| n, d' +n.‘. d' +ﬂ,
. 2t +yt (11 & & ey T Cry Ty
ds, ds, 3 (7"7) X [d +2(l= )]} (=nz) =0 (33)
z
A DEFORMED REFLECTOR SURFACE
c
ORIGINAL PARABOLOID
OF FOCAL LENGTH f
\
W\
PARABOLOID WITH
FOCAL LENGTh '

RADIAL DIRECTION

Rg. 3. The minimization of path length change by the variation of fecal length
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This leads to

iW‘ [ns; 2o (mgd-, oo Ardy) + w2 (dy + 20)]

¢ = dn e e - — -

, " 1y, . Wy
t
(34)
and it follows that
»
F3 W (mt2)
— =1
- N
; Wi [,z (1, dey + ay dy) + a2 (di 4 20) ]
21 ,35)

Using ¢ from Eq. (34) in Eq. (32), one obtains the mini-
mum rms from Eq. (22).
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. FORVULATION OF NUMERICAL SOLUTION

A digital computer program waus developed to compute  rigid body motion were purified and the remaining dis-
the entries of an augmented matrix asscciated with Eq.  tortions were processec with respect to the focul length
(25) from the xi, 1, i, ui, v, und w; of the observed  in order tu obtain the minimum rms. The flow chart of
points on the surtace, and the solution of this set was  the program is given in Fig. 4. The listing of this program
obtained. Having this solution, the displaccments of the  and instructions for its usc are given in Appendix E.

ENTER

———

REA™ i< 1118 MUnicit OF OSSERVEL SOINTS. COORDINATES,
| {00 INENTS OF DISPLACEMENT VECTORS AND AREAS.

[T # T TTRTENTRIES OF THE AUSMENTED MATRIX OF THE |

LiteEs 2 8T ASSOCIATED WITH THE MINIMIZATION OF PATH

LENG (i CHANGES WITH RESPECT TO THE COMPONENTS OF
] JON,

CALLING SUBROUTINE MAT!S, COMPUTE THE COMPONEN1S
OF THE RIGID BODY MOTION FROM THE AUGMENTED MATRIX,

ELIMINATE THE RIGID 830O0Y COMPONENTS OF THE
DISPLACEMENTS,

CALLING SIBROUTINE VARYFL, COMPUTE THE FOCAL LENGIH MINIMIZING
THE ROOT MEAN SQUARE OF CHANGE IN PATH LENGTH,

COMPUTE THE MINIMUM ROOT MEAN SQUARE AND THE
NEW DISTORTION COMPONENTS,

PRINT THE IISU.TS._I

EXIT

Fig. 4. Flow chart of the program
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equation of the reflector surface
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unit normal vector and its cartesian
components of the reflector surface
(heading towards the center of curva- A
ture)
wtal number of observed pointsonthe ¢
reflector surface
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APPENDIX A

Coordinate Transformation with Successive Rofations

Referring to Fig. A-1, a vector r can he written in
the (x, y. z) coordinate ~'stem

[xyz](
= )
k

and in the (¥, v, 2’) coordinate system

(A-1)

[f!l'z'](y

r= zk' (A-2)

3 v
where the rows of the coefficient matrix are the direction

cosines of the rotated axes in the original (x. y, z) coor-
dinate system.

l| m, n;
= |l myn, (A3)
k

lim, n,

Substituting the ¥, §’, k', of Eq. (A-3) into Eq. (A-2)
and equating the latter to Eq. (A-1), one obtains

x 1, m n, 4
The relation between the i, j, k of the (x, y, z) coordinate =11 A4
system and the , §', k’ of the («’, i, z’) coordinate system :: l' | L N
is 1M
( 7,1, K ARE THE
z' (13, my ng) UNIT VECTORS Of
3’ 3’ 3 Az (0, 0, ‘) (x’ y' :) SYSTEM.
\ 17, 77, k' ARE THE
UNIT VECTORS OF

(x.' y.' :.) SYSTEMO
Y' (‘2' m2' “2)

- Y(oo 1,0)

1(1,0,8)

x' ('ll mll n')

QUANTITIES IN PARENTHESES ARE
THE DIRECTION COSINES OF AXES.,

Fig. A-1. Rotation of coordinate system

10



Let [Q.] represent the coeficient matrix of (A-4). If the
(2’ ¢, 2’) coordinate system {s subjected to another rotu-
tion, the components of r in this new system are

x| x
%y"} = [Q4]) [Q1] {y}
F44 z

Similarly, for a third rotation the components of r are

2 x
v’ =[0:][Q:] [Q1] {y}
z' z

(A-5)

(A-6)

For the case discussed in the text, rotation of # about
the = axis yields

Cosé Siné O
[Q)=| —Sin8 Cosé 9 (A-T)
0 0 1]
rotation of ¢ about the ¥’ axis yields
1 0 0
[Q:=|0 Cos¢ Sin ¢ (A-8)
0 —Sing¢ Cos¢

JPL TECHNICAL MEMORANDUM NO. 33-118

and rotation of y about the i’ axis yields

Cosy 0 -Siny
[Q:]=1] O 1 0
Siny 0 Cosy

(A9)

Then it Jollows from Eq. (A-8) that the total rotation
matrix is

Cosy 0 —Siny 1 0 0
Q=] O 1 0 0 Cos¢ Sin ¢

Sin¢y 0 Cosy 0 —Sing¢ Cos¢
Cosé Sing O
~Sin # Cosé 0 (A-10)
0 0 1

For small rotations, one can truncate the Taylor expan-
sion series for sinc and cosine efter the first power term.
Maintaining the first power approximation, Eq. (A-10)
can be rewritten,

1 6 -y
Ql=] -0 1 ¢
v —¢ 1

which is identical with the square matrix appcaring in
Eq. (10} of the text.

(A-11)

APPENDIX B

Computer Program

This program, written in Fortran for the 32K 1BM
7090, can handle 1000 observed points on the reflector
surface. This program requires the x;, yi, z; coordinates,
the u;, v;, w; components of the displacement vectors,
and the reflector surface area associated with each ob-
served point. The input should be compatible with the
following Fortran statements:

READ INPUT TAPE 5, 1, NP, F, (X(I), Y(1),
Z(1), u(I), v, w(l), A(l), K, 1=1, fﬂ’)
1 FORMAT (110, E18. 5, /, (7F10.5,110)

where NP is the total number of observed points, F is the
original focal length, X, Y, and Z are the coordinates of

the observed points, U, V, and W are the components
of the displacement vector, A is the reflector surface area
associated with each observed point, and K is the se-
quence number of the input card.

The output of this program is the root mean square of
the changes in path length, the orientation and focal
length of the best fit paraboloid, and the components of
the associated distortions. No tapes or sense switch set-
tings are required; however, one may bypass minimiza-
tion with respsct to the focal length by setting sense
switch 1 down. The program given on the following
pages does not minimize the root mean square with re-
spect to the rotation about the axis of the reflector.
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N s x»

12

19
20

XEQ

LISTSH

LABEL

BEST FIT PARABOLOID WITH MINIMUM PATH LENGTH [N LEAST SQUARE SENSE
DIMENSION X(1000)sY(1000)92(1000)sU(1000),V(1000)sW(1000)sB(696)>
é?(6)vA(1000)901(1000)'02(1000)’03(1000)’R(6)OWT(IOOO’oBl(bob)'XX(b
1READ INPUT TAPE SoIQNPoFo(X(I)vY(l)oZ(!)OU(I”V(l)OH(I)’A(X’QKOI'I
sNP)

lgRITE QUTPUT TAPE 6029(X(I).Y(X)OZ(I)OU(IIOV(I)oW(I)'A(l)ololll'N

)

DO 20 I=z146

C(I)=0.

DO 19 J=1,46

BlIsyJ)=0.

CONTINUE

$=0,

SwW=0,

DO 30 1=14NP

T=SORTF (Lo ®#(X(1)#u24Y (1) R824, #F8R2))

Dl(1)==2#X(1)/T

D2(l)==2,%Y {11 /T

DA(l)=b4e®F/T

WT{1)=4e%D3(1)0828A(])

B(le1)=B(191)4D1( 1) #228WT(])

B(192)2B(192)+D1(1)#D2(1)*WT(])

Bl(1le3)2B(193)+D1(1)#D3(T1)I*WT(T)
B(lokl'B(loh)+(X(I)'Dl(l)’DZ(I)—Y(I)'Dl(l)"Z)*WT(])
B(loS)'B(laS)*(Yll)'Dl(I)'DB(l)-Z(I)*Dl(I)'DZ(!))'HT(I)
8(106)18(]06’+(Z(l)*Dl(l“’Z-X(l)'Dl\l)'D3(I’)’HT(I)
B(292)=2B(292)4D2( 1) #u28WT(])

B(2:3)2B(2+3)4D2(1)#D3(1)*WT ()
8(204)'8(2v6)*(X|l)’DZ(l)'*Z“Y(I,*Dl(l"02|!))’WT(l)
8(205)88(295’+(Y(!)'DZ(I)'D3(])-Z(ID’DZCI)'*Z)‘WT(l)
B(2:,6)=B(2+6)+(2(1)2D2(1)%D (1) =X(1)#D3(11#D2( 1)) *WT(T)
B(3,3)2B8(3:3)4D3( 11 #828WT(])
8(304)=B(39QP*(X(1)’02¢1)'03(l)-Y(l)’Dl(l)'DB(I))'NT(I)
5(395)38(3’5)¢(Y(13'03(1)"2-2(1)'DZ(I)'DS(X)”WT(!’
8(306)'8(306)¥‘Z(X)’Dl(l’*D3(l’-X(l)'03(1)"2)’NT(1’
8(494)38(600)+HT‘1)'(01(1’*Y(!’-DZ(I”X(I))"Z
8(495)=B(605)+WT(1)‘(01(l)*Y(l)-02(l)’X(l’\’(DZ(l"Z(I)-DB(l)*Y(l)
1)
8(406)'8(4’6)+HT(l)’(Dl(I)’Y(l'-DZ(I,’X(l))'(D3(Il'X(ll-Dl(l)'Z(!\
1)

B(5o5)'B(5v5l+WT(!)'(02(1”Z(Il-D3(I"Y(I)i'*2
B(Sob)'B(Sob)*HT(I)'(DZ(!”Z(I’-03(!)'Y(l))’(D3(I)’X(II-DI(I!'ZII)
1)

8(6’6)'8(606)+WT(l)’(D3(I)’X(l)-Dl(l?’Z(l)).’Q
OsD1(1)%U(1)+D2(1)8V(1)1+4D3(1)®WI(IT)

Cl1)=sC{1)+QuWT(1)#D1(])

C(2)sC(2)+0#WT(])#D2(1])

C(3)aC(3)+Q#WT({1)1#D3(])



30

40

98

49
50

60
69
70

81

80

9
10
L}

99

1

Cla)=Cla)-QWWT (1) #(DL1(I)*Y(])=-D2(T)#X(1))
Cl5)aC(5)-Qu¥WT(I)#(D2(1)*2(1)=D3A(1)*Y(]))
Cle)=ClO)=-QuWT([)M(D3(1)#X([)=-D1(1)%2(1))
DO 40 l=1,46

DO 40 J=1,6

B(Js1)=B(14+J)

B(4s1)=0,

B(442)=20,

Bl4s3)=0,

Blasbu)=1e0

Bl4ays5)=0,

Blasb) =0,

Cl4)=0,

M=§

N=1

D=0,

WRITE OUTPUT TAPE 6399 ((B(lsJ)sJxleb)slnleb)
WRITE OQUTPUT TAPE 6911y (C(I)el=146)
CALL MATIS (BsM«RyN3sDsBI)

IF (ABSF(D)=,0000001) 99+99,98

DO 50 I=1+6

XX{11=0,

0 49 K=146

XX{I)=XX{T)+Bl (1 eK)RC(K)

CONTINUE

DO 60 I=1¢NP
UCTy=zU(I)=(XX(1)=XX(G)RY(I)+XX(6)R2(
VI =V =(XX{2)+XX () RX{T)=XX{5)%#2Z(
Wl ) eWlT ) ={XX(3)=XX{6)RX{T)+XX(5)®Y(
WRITE OUTPUT TAPE 6+3»(UlT1)eVII) oWl
IF (SENSE SWITCH 1) 70,89

WRITE OUTPUT TAPE &7

CALL VARYFL (XaYs2sUsVeWrAsWTsD1sD2sD3sNPsF)

GO TO 81

WRITE OUTPUT TAPE 646

DO 80 I=3]14+NP

SWaSW+WT (1)

SES+WT(IIR(DLI(IIRU(TI)I4+D2(1I)WVITII+D3(I)4W(])) 2

RMS=SQRTF (S/SW)

WRITE QUTPUT TAPE 694 sRMSo(XX(1)sI=196)fF

WRITE OUTPUT TAPE 6989 (D1(1)14D2(1)eDI(1)eWT(I}sls1=1NP)
WRITE OUTPUT TAPE 69109 ((Bl11eJ)eJd=196)91ml1s6)

FORMAT (lHl0/023X02HN1OZ3X’2HN2!23X'2HN3023X92HNT’19X0lHl0//0
1{4E25¢9+120))

FORMAT (19HICOEFFICIENT MATRIXs//+(6E20691)

FORMAT {12H1THE INVERSEs//+(6E209))

FORMAT (9H1C MATRIXs//+(E5049))

CALL EXIT

WRITE OUTPUT TAPE 645 [}

CALL EXI1T

FORMAT (110+E15e59/79(7F105,110))

— g ven =y

1)
))
V)
sTel214NP)

JPL TECHNICAL MEMORANDUM NO. 33-118

2 FORMAT (BBH1BEST FIT PARABOLOID WITH MINIMUM PATH LENGTH IN LEAST
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1SQUARE SENSEs UTKU-BARONDESSs JPL#///+3X+13H X COORDINATE3Xs 13H
2Y COORDINATE»3X9s13H 2 COORDINATE3X»13H U DEFLECTIONs3Xs13H V DEFL
3ECTIONs3X913H W DEFLECTIONs7X95H AREA+4X+8HPOINT NOs//9(TE1645418)
a8)

3 FORMAT (66HIDISTORTIONS AFTER MINIMIZATION WITH RESPECT TO RIGID

180DY MOTIONs//912Xs13H U DISTORTION912X9+13H V DISTORTION9»12X913H W
2 DISTORTION»3Xs13H POINT NUMBERs//9(3E2549+116)) '

4 FORMAT (24H1THE ROOT=MEAN SQUARE 154E2549s//9 34H X COORDINATE OF

1THE APEX POINT IS4E2%¢99//9 34H Y COORDINATE OF THE APEX POINT IS,
2E2549+//934H 2 COORDINATE OF THE APEX POINT I1S+1E25699//925H ROTATI
30N ABOUT Z AXIS IS+E2%5499//+33H ROTATION ABOUT ROTATED X AXIS IS»E
42%494+//941H ROTATION ABOUT ROTATED ROTATED Y AXIS ISsE285494//¢4TH
STHE FOCAL LENGTH OF THE BESY FIT PARABGLOID 1S+9E25.9)

FORMAT ( STHITHE COEFFICIENT MATRIX IS SINGULAR, SOLUTION IS DELET
1ED.)

FORMAT ( 91H1THE PROGRAM IS NOT REQUESTED TO DO MINIMIZATION WITH
1RESPECT TO FOCAL LENGTHs SS1 1S DOWN.)

FORMAT (8%H1THE PROGRAM 1S REQUESTED TO DO MINIMIZATION WITH RESPE
1CT TO FOCAL LENGTHs SS1 IS UPs)

END
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® % % e eE

»

MATIS

44

ONE
BoY

JPL s J
LABEL

LISTS
FAP

TTL
LeL

007000,01113330 MATIS 6X6 UTKU-BARONDESS

SUBROUTINE MATIS

THIS SUBROUTINE IS IDENTICAL WITH MATIV ON JPL LIBRARY
TAPE (AUGUST 1962) WHICH 1S REASSEMBLED FOR 6X6 ARRAYS.
MATRIX INVERSION

MATIS X

ENTRY MATIS

SXD
CLA
ADD
STA
CLA
STO
CLA
STO
CLA
STO
CLA
570
CLA
sTO
ADD
STA
AXT
CLA
STO
TIX

SUBROUTINE MATIS (AsNsBsMaDETERM,HC?
THIS SUBROUTINE SAVES MATRTX A
BOY b
Y Y
ONE
2
294
2242
3¢4
22+3
Kot
22+4
Sele
22+5%
6r4
2241
ONE
Y ;
36+4
LAY )
94
=249k

CALL MATIN

TSX
TSX
TSX
TSX
TSX
LXD
TRA
OEC

END

*
L
*
*
[ )
BOYs &

Teb
1

18
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30

1

16

LABEL
LISTS

SUBROUTINE VARYFL (X sYs2ZsUsVeWsAsWTD14D2+039NPF)
DIMENSION X(1000)sY(1000)+2(1000)sUl1000)sV(1000)W(1000)+A{1000)

1+WT(1000)+sD1(1000),+0211000)+D3(1000)}

S$=0,

B=0,

DO 20 I=14NP
AXZLHoRA(T)#DA(T)%R3R2(])
PaDI(I)®U(T)I+D2( 118V (]1)+D3(11#W(])
S=S+AX#P

BaB+AX#Z2(])%D3(])

CONTINUE

R=S/8

DO 30 I=1,4NP

Wil)=w{l)=2Z(1)%R

FN=F/(1e+R)

WRITE OUTPUT TAPE 691 sFsFNo(W(I)oWlI+1)aW(I+42)oW(I+3)sWII+4)sW(]+5

1)oWII+6) sW(I+T)oW(I1+B)sWII+9) s ]sI=14NPy10)

FaFN
RETURN
FORMAT (29H1THE ORIGINAL FOCAL LENGTH 1S1E25¢9+//+24H THE NEW FOCA

1L LENGTH 1S4E254997//7/7256H THE NEW DISTORTIONS IN DIRECTION OF PAR
2A80LOID AXIS ARE+//+(10F1146+110))

END
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2 XaXaXalakXa s s

NN

NnNNO

[aXaXa)

10
15
20
30

130
140
150

160

170
200
205
210
220
230
250
260
270
310

iihé6007000’01113330 MATIN AX6 UTKU-BARONDESS

LISTS
SUBROUTINE MATIN (AsNsBsMsDETERM)

THIS SUBROUTINE 1S IDENTIGAL WITH MATINV ON JPL LIBRARY TAPE
(AUGUST 1962) WHICH 1S RECOMPILED DELETING COMMON STATZMENT AND
CHANGING DIMENSION STATEMENT FOR 6X6 ARRAYS,

MATRIX INVERSION WITH ACCOMPANYING SOLUTION OF LINEAR EQUATIONS

DIMENSION IPIVOT(6)9A(696)9sB(691) s INDEX(6+2)sPIVOT(6)
EQUIVALENCE (IROWsJROW)s (ICOLUMsJCOLUM)s (AMAXs Ts SWAP)

INITIALIZATION

DETERM=1,0

DO 20 J=1sN
IPIVOT(J)=0
DO 550 I=1,4N

SEARCH FOR PIVOT ELEMENT

AMAX 2040

DO 105 JslyN

IF (IPIVOT(J)=1) 60y 105+ 60

DO 100 K=1,N

IF (IPIVOT(K)=1) 80y 100» 740
IF (ABSF(AMAX)~ABSF(A(JsK))) 8Ss 109y 100
IROW=J

1COLUM=K

AMAX=A(JSsK)

CONTINUE

CONTINUE
IPIVOT(ICOLUM)=IPIVOT(ICOLUM)+1

INTERCHPANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL

IF (IROW-ICOLUM) 140, 2609 140
DETERM=-DETERM

00 200 L=1sN
SWAP=A(INOWsL)
A(IROWsL)=A(ICOLUMsL)
A(ICOLUMoL ) =sSWAP

IF(M) 260+ 260+ 210

DO 2%0 L=1y M
SWAP=B(IROW.L)
B{IROWsL)=B(ICOLUML)
B(ICOLUMsL ) =SWAP
INDEX(1+1)sIROW Y
INDEX(192)sICOLUM
PIVOT(])=A(ICOLUMyICOLUM)

17
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[aXaXal

a¥a¥a!

aXaXal

320

3130
340
350
359
360
370

380
390
400
420
430
450
459
460
$00
550

600
610
620
630
640
650
660
670
700
705
710
740

DETERM=DETERM#PIVOT (1)
OIVIDE PIVOT ROW BY PIVOT ELEMENT

ALICOLUMy ICOLUM) =140’

DO 350 L=1sN
A(ICOLUML)=A(ICOLUML)/PIVOT(I)
IF{M) 380, 380, 360

DO 370 L=1lM
B(ICOLUMsL) 2B (ICOLUML)/PIVOTI(IT)

REDUCE NON-PIVOT ROWS

DO 550 Li=]1yN

IF(LI-1COLUM) 400y 550, 400
T=A(L1sICOLUM)
A(L1+ICOLUM)=0,0

DO 450 Ls=]lsN
A(L1sL)SACL1sL)=A(TICOLUMsL)®T
IF(M) %3509 5500 460

DO 800 Ls=1leM
BIL1sL)=B(L1sL)=B(ICOLUMsL)®T
CONTINUE

INTERCHANGE COLUMNS

00 710 I=1sN
L=N+1-1

IF (INDEX(Ls1)=INDEX(Ls2)) 6300 710s 630

JROWSINDEX(Ls1l)
JCOLUM=INDEX (Lo 2)

DO 708 K=1sN
SWAP=A (K9 JROW)

A(Ko JROW)=A (Ko JCOLUM)
A(KeJCOLUM) =SWAP
CONTINUE

CONTINUE

RETURN

END



